Background and Objective. Acinetobacter baumannii, Escherichia coli, Klebsiella pneumoniae, Streptococcus pneumoniae, Haemophilus influenzae, Staphylococcus aureus, Pseudomonas aeruginosa, and Mycobacterium tuberculosis are primary respiratory bacterial pathogens contributing to morbidity and mortality in developing countries.
Introduction
Lower respiratory tract infections are among the leading causes of hospitalization and death around the world [1] [2] [3] [4] . e causative agents of lower respiratory tract infections are diverse [5] , while respiratory bacterial pathogens remain to be the primary cause [6] [7] [8] [9] . S. aureus, E. coli, and K. pneumoniae commonly cause lower respiratory tract infections in children [7] . In addition, bacteria such as K. pneumoniae, P. aeruginosa, and S. pneumoniae are also widely recognized as major pathogens of community-acquired pneumonia [10] . Currently, traditional detection methods for respiratory pathogens largely include the use of microscopic examination, bacterial culture, and immunological examination.
ese methods are complicated, time-consuming, technically difficult, and low sensitivity. Most importantly, these methods are not able to detect multiple pathogens in a single specimen. However, coinfection of respiratory pathogens is a common occurrence, especially in less developed countries such as China [8, 11] . As a result, more studies are aimed at developing strategies for the rapid and simultaneous identification of more than one pathogen by developing multiple analytic platforms. Although Luminex assays and TaqMan array cards can detect a variety of bacterial and viral pathogens simultaneously [12] [13] [14] , the high cost of these methods limits their widespread application. In light of this, molecular diagnostic methods, especially real-time PCR, have surfaced as the most promising approach for detecting respiratory pathogens owing to their rapidity, sensitivity, and specificity. e two main types of real-time PCR are fluorescent probe-based assays and fluorescent dye-based assays. Numerous pathogen platforms based on TaqMan probes have been developed in recent years [15] [16] [17] , but TaqMan probes are costly and complex to synthesize and have high potential false negative rates [18] [19] [20] . Meanwhile, real-time PCR applies simple DNA binding dyes as the signal reporter to detect the total amount of DNA through changes in fluorescence intensity [21] . Compared to TaqMan probes, fluorescent dyes have the merits of generalizability and cost-effectiveness. Nevertheless, current real-time PCR methods can only detect two or three pathogens simultaneously in a single reaction [22, 23] because of the limited recognition capabilities of the instrument. Consequently, fluorescence melting curve analysis (MCA) based on dyes was developed to overcome these limitations [24] . SYBR Green I is the most commonly used dye for real-time multiplex PCR [25] . However, the performance of MCA using SYBR Green I is problematic as the melting temperature of the dye can be easily affected by the dye concentration [26] and DNA concentration [27] . ese shortcomings limit the application of SYBR Green I for melting curve analysis based on multiplex PCR [28] . In contrast, another dye, EvaGreen, has been found to be more sensitive and stable than SYBR Green I, owing to its ability to insert into each single-nucleotide saturated DNA helix [29] . At present, the melting curve analyses based on EvaGreen dye can simultaneously detect various plant viruses [24, 30] and allow sensitive, specific, and low-cost detection. In order to realize the simultaneous detection of respiratory bacterial coinfections and improve the accuracy of detecting respiratory bacterial pathogens, the current study aims to establish an assay that combines multiplex real-time PCR techniques with EvaGreen MCA to detect eight common respiratory bacteria simultaneously.
Materials and Method

Bacterial Strains.
Standard strains of A. baumannii (ATCC49619), E. coli (ATCC8739), K. pneumoniae (ATCC13883), S. pneumoniae (ATCC49619), H. influenzae (ATCC49766), S. aureus (ATCC6538), P. aeruginosa (ATCC0927), and M. tuberculosis were purchased from the Guangdong Culture Collection Center. Lyophilized bacteria from the aforementioned standard strains were inoculated into the corresponding medium and incubated at 37°C with 5% CO 2 in air for 24 hours, and single colonies of the bacteria were obtained and stored in physiological saline.
Clinical Samples.
Sputum samples from 157 cases were analyzed using multiplex real-time PCR with EvaGreen melting curve analysis, and the results were compared with the conventional culture method. All specimens were collected from patients hospitalized in Respiratory Department of the Guangdong Second Provincial General Hospital from November 2018 to June 2019, presenting with symptoms of cough and expectoration.
Sample Preparation.
After adding equal amounts of 4% sodium hydroxide for 10 min, the sputum samples were taken in 1.5 mL centrifuge tubes, centrifuged at 15000 rpm/ min for 5 min, and the supernatant was discarded. Next, after the addition of 1 mL of sterile physiological saline, the pellet was resuspended by shaking and centrifuged at 15000 rpm/min for 5 min, and the supernatant was discarded as much as possible and finally added with 1 mL of sterile physiological saline. e pretreated sputum samples were stored in tubes at − 80°C. Genomic DNA content was extracted from the sputum samples using Magen HiPure Bacterial DNA kits according to the manufacturer's instructions.
Primers Design.
e primers were designed so as to prepare amplicons having melting temperatures (T m s) ranging from 76°C to 92°C, with the difference between two consecutive peaks being more than 1°C. We employed the amplicon T m as parameter to estimate whether the selected bacteria gene would produce a desired T m of amplicon. e primers were designed using the Primer Premier 5.0 based on the selected areas which can produce amplicons with the expected T m . All primers were synthesized by Invitrogen (Karlsruhe, Germany). Eight selected bacterial primers (shown in Table 1 ) were added to the multiplex PCR system sequentially to determine their actual T m s and whether nonspecific primer amplicon would occur in the presence of other oligonucleotide primers.
PCR System and Program.
Singleplex PCR was performed in a total volume of 25 μL, which included 2.5 μL DNA template, 0.6 μM forward and reverse primers, 0.2 μL of Taq DNA polymerase, 2 μL dNTP mixture, 1 μL of EvaGreen, 15.6 μL of deionized water, and 2.5 μL of 10 × PCR buffer. Meanwhile, multiplex real-time PCR was performed in a total volume of 25 μL, which included 0.4 μL of Taq DNA polymerase, 13.4 μL of deionized water, and 0.2 μL of each forward and reverse primer. e composition of the other reactions was determined by singleplex PCR. PCR amplifications were performed using the Roche LightCycler 480 system. e cycling condition included preincubation at 95°C for 3 minutes and the following amplification program for a total of 38 cycles: denaturation, 95°C, for 10 s; annealing, 60°C for 40 s; fluorescence collection, 72°C to 95°C; and cooling cycle, 50°C for 30 s. e melting temperature (T m ) was calculated by plotting the negative derivative of fluorescence over temperature versus temperature (− dF/dT versus T). e T m value was defined as the peak of the curve. Melting curves were used to determine the specific PCR products, which were further confirmed using conventional gel electrophoresis, and the PCR products which were inconsistent with the clinical results were sent for sequencing.
Result
3.1. Specificity and Sensitivity. Initially, we evaluated the multiplex assay to determine whether the eight primers would amplify well in multiplex real-time PCR and whether nonspecific amplification or interference might occur. e results indicated that our system exhibited good specificity.
e detailed process was as follows: each of the individual bacterium was tested under multiplex real-time PCR conditions, and eight bacteria were tested simultaneously, with sterile purified water serving as the negative control. Eight different T m peaks were generated using PCR e T m peaks of the aforementioned bacteria were also observed in the multiplex PCR system for eight bacteria individually (Table 1 ; Figure 1 (a)). In addition, multiplex real-time PCR was applied to detect the eight bacteria together, and the melting peaks of the amplicons were different such that multiple pathogens could be identified on a single graph unambiguously.
e spacing between peaks for eight bacteria is shown in Figure 1 (b). Meanwhile, nontarget bacteria and sterile purified water were used as templates for multiplex real-time PCR, and the specific T m peaks of the eight bacterial templates were not seen except for the low T m peaks that produced primer dimers. e primer dimers could be distinguished from the expected product ( Figure 1(b) ). Furthermore, to confirm target-specific amplification, the amplicons were analyzed with 3% agarose gel electrophoresis, which indicated that the assay based on multiplex realtime PCR with EvaGreen MCA was compatible with the use of eight primers and specific to the eight respiratory bacteria. 7 CFU/mL. e sensitivity of single real-time PCR detection was 128 CFU/mL for P. aeruginosa and 64 CFU/mL for the other bacteria. Single bacterium sensitivity of multiplex PCR system was as follows: 64 CFU/mL for S. aureus, S. pneumoniae, and H. influenzae; 128 CFU/mL for A. baumannii; and 6.4 × 10 2 CFU/mL for E. coli, K. pneumoniae, P. aeruginosa, and M. tuberculosis ( Figure 2 ). Single bacterium sensitivity of multiplex PCR system was 5-100 times lower than single real-time PCR. Considering the fact that current day respiratory infections are a mix of 2-4 bacteria, we tested the sensitivity of quadruple PCR for any four combinations of the eight bacteria. e sensitivity of simultaneous detection of four bacteria was 5-50 times lower than detection of single bacterium by multiplex PCR. When the bacterial concentration was as low as 3.2 × 10 3 to 1.6 × 10 4 CFU/mL, some of the specific T m peaks disappeared. e current study investigated the sensitivity of simultaneous detection of S. aureus, S. pneumoniae, E. coli, and M. tuberculosis, while the results of other bacterial combinations were not shown. When the bacterial DNA concentration diminished to 3.2 × 10 3 CFU/mL, the specific T m peak of M. tuberculosis disappeared (Figure 3 ).
Standard Curves of Multiplex PCR System.
Standard curves of multiplex PCR system for each bacterium were obtained by plotting the fluorescence intensity (− dF/dT) (yaxis) values against the log 10 of the bacterial concentration (x-axis) of the eight respective standard bacterial strains. e dynamic range of the assay encompassed at least five orders of magnitude, with a strong linear relationship between the fluorescence intensity (− dF/dT) values and the log 10 value of the bacterial concentration ranging from 10 3 to 10 7 CFU/ mL ( Figure 4 ). e correlation coefficients (R 2 ) of the standard curve for eight bacteria in multiplex PCR system were all beyond 0.94.
Repeatability of Multiplex Real-Time PCR with EvaGreen Melting Curve Analysis.
e repeatability of EvaGreen dye dissolution curve was evaluated by multiplex real-time PCR detection of triplicate 1.6 × 10 Canadian Journal of Infectious Diseases and Medical Microbiologyeach bacterium was less than 1°C, while the intra-assay CV ranged from 0.05% to 0.6%, and the inter-assay CV ranged from 0.2% to 0.8%. e data suggested that this assay had good reproducibility and also revealed that two closely spaced T m peaks were able to separate well.
Clinical Sample Testing and Statistical
Analysis. e EvaGreen MCA assay was employed to analyze 157 samples of sputum specimens, and the results were compared with the conventional culture method. Conventional culture method revealed that there were 30 cases of A. baumannii, 12 cases of E. coli, 18 cases of K. pneumoniae, 5 cases of H. influenzae, 2 cases of S. pneumoniae, 13 cases of S. aureus, 17 cases of P. aeruginosa, and 10 cases of M. tuberculosis, with semiquantitative culture being more than ++. Meanwhile, 50 cases were negative samples. 73 samples out of 107 culture positive samples were identified as 2-4 pathogens, and 50 culture negative samples were confirmed as negative by EvaGreen MCA assay. 64 samples out of the 73 multiple pathogens cases showed 2-4 melting curve peaks, which were considered to have 2-4 pathogens, but only one of the curve peaks exhibited strong fluorescence signal, and the other curve peaks showed weak fluorescence signals. Typically, pathogenic bacterial concentration ≥10 5 CFU/mL is considered as bacterial infection [31, 32] . According to the standard curve, the multiple pathogens that had weak fluorescence signals in these 64 samples of 73 cases were regarded as colonizing pathogens, and only the bacterium with strong fluorescence signal was identified as infection.
erefore, the 64 samples with one strong fluorescence signal only were considered as monoinfections. However, the remaining 9 samples showed 2-3 melting curve peaks, which all exhibited strong fluorescence signals. Consequently, the 9 samples were identified as 2-3 bacterial coinfections, which are shown in Table 2 . Overall, according to the results of 157 clinical samples, the sensitivity of A. baumannii, E. coli, K. pneumoniae, H. influenzae, S. pneumoniae, P. aeruginosa, S. aureus, and M. tuberculosis was 100%, 91.7%, 100%, 80%, 100%, 100%, 100%, and 90%, respectively. e specificity was 100% for all targets. e consistency between EvaGreen MCA assay and conventional culture method was 98%, and the kappa value ranged from 0.89 to 1.00 (Table 3 ).
Discussion
In the current study, we successfully developed a multiplex real-time PCR with MCA fluorescent dye to identify and distinguish eight respiratory bacterial pathogens simultaneously in a single reaction tube. Our evidence revealed that all target bacterial DNA could be identified accurately and cross-reactivity was not present.
e LOD for individual bacterium in the multiplex real-time PCR system ranged from 64 to 10 2 CFU/mL. In addition, we discovered that the dissolution curve detection method could accurately detect multiple pathogens in a single reaction tube. We assessed 157 clinical samples, for which the sensitivity was greater than 80% and the specificity was 100%, and the kappa correlation values of all pathogens ranged from 0.89 to 1.00. e results indicated that using multiplex PCR with EvaGreen MCA for the detection of multiple pathogens simultaneous is sensitive, specific, high-throughput, and lowcost method.
Numerous researchers have devoted their efforts in developing molecular methods to solve the problem of multiple detection in a reaction [33, 34] . Currently, there are various studies focusing on the multiplex real-time PCR dissolution curve method [35, 36] , because the PCR dissolution curve method based on EvaGreen dye is rapid, efficient, sensitive, specific, and low cost [24, 30] . e noteworthy characteristic of this methodology is the implementation of well-designed primers to make each detection target have different T m values. However, it is not feasible to predict accurate T m values using algorithms under actual PCR conditions as several factors may affect the absolute position of the DNA dissolution curve [37] . In the current study, we designed eight specific amplicons-one for each pathogen here investigated-with different T m values. Pathogen-specific T m values differed from each other by at least 1°C. Studies have been performed to describe changes in genotypes other than 1°C [38, 39] . We discovered that, although the T m value of the dissolution curve did change, the eight bacteria were clearly distinguishable within the interval of 1°C. In addition, we found that the eight pairs of primers may exhibit primer dimerization; however, the primer dimer has no specific T m peak, so it does not affect the overall results. We also revealed that the sensitivity of single bacterium in multiplex PCR was 5-100 times lower than that of single real-time PCR, and the sensitivity of four bacteria using quadruple PCR system was 5-50 times lower than that of single bacterium using multiplex PCR. is phenomenon can be explained by the fact that combination of primers in a single reaction may cause specific primers to be less available than required. Moreover, the presence of multiple targets in one reaction may also lead to competition between enzymes and nucleotides. Quantification of the target pathogens is the key to distinguish between bacterial infection and bacterial colonization. In the current study, analysis results revealed a good correlation (R 2 ) and a linear relationship between the fluorescence values and log 10 of the bacterial concentration ranging from 10 3 to 10 7 CFU/mL in a multiplex real-time PCR system for one bacterium; we can approximately judge the concentration of single bacterium. Furthermore, it was found that the linear relationship between the fluorescence values and log 10 of the bacterial concentration was weakened in a multitarget reaction, which can be attributed to the competition between EvaGreen dyes. us, the quantification of multiple pathogens in one reaction is not an accurate method. Herein lies the distinct advantage of EvaGreen MCA assay, that this method can detect mixed pathogens in a single sample. EvaGreen MCA assay can diagnose pathogens quickly and accurately in early stage, which is helpful for the rapid administration of appropriate treatment and, consequently, resolution of symptoms. We employed the EvaGreen assay to evaluate 157 cases of clinical sputum samples, which identified 73 cases as multiple pathogens. Amongst the identified 73 cases, 9 cases were defined as cases of bacterial coinfection and 64 samples were considered as monoinfections. However, the conventional culture method defined these 9 coinfected cases as single bacterial infection. After reviewing the history of the abovementioned 9 patients, it was found that these patients were hospitalized for long durations, and the treatment time for infection was more than one month, which is characteristic of difficult mixed infection treatment. Yet, the gold standard for clinical diagnosis remains to be bacterial culture which picks up single colonies of dominant bacteria. Consequently, the most predominant bacterial species are generally identified and misdiagnosis of mono infections may occur. In our study, the reason of the discrepant results about these 9 samples between the EvaGreen MCA and conventional culture method may be due to the minor single colonies of the samples were ignored or not cultured. Multiplex realtime PCR based on EvaGreen MCA allows us to directly detect the DNA of sputum samples, making it easier to identify multiple bacterial infections. EvaGreen MCA is a rapid and accurate assay; the total time of sample preparation, DNA extraction, PCR, and melting curve analysis is less than 2 hours. e drawback of EvaGreen MCA is inaccurate quantification of multiple pathogens in one reaction, so clinicians must make a comprehensive judgment based on the source of samples and disease conditions to distinguish colonization and infection. In order to overcome this shortcoming, dissolution curve interpretation software will be developed in the future based on the detection of a large number of clinical samples.
Conclusions
In summary, the current study highlighted EvaGreen MCA as a sensitive, specific, rapid, cost-effective, and highthroughput method for the detection and differentiation of eight clinically common respiratory bacteria. We hope our findings will serve as an effective platform for detection of respiratory bacterial coinfection in the future.
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